Introduction
============

The discovery of microRNAs (miRNAs) has brought the importance of posttranscriptional regulation of gene expression to the forefront of biology. miRNAs are short endogenous RNA sequences (∼22 nt) that mediate translational repression of target messenger RNAs (mRNAs) ([@bib5]). During the last decade, miRNAs have been found to play major roles in virtually every biological process: from development and signaling to viral infections (reviewed in [@bib27]). Moreover, miRNAs are ubiquitous in multicellular animals and plants ([@bib23]) but almost absent in single-celled organisms, suggesting a pivotal role in the emergence of multicellularity. In animals, miRNAs regulate many aspects of development: from body patterning ([@bib60]; [@bib43]) to cell differentiation (e.g., [@bib35]), so changes in their functional features are likely associated with the evolution of body plans as well as phenotypic variation within related species (reviewed in [@bib38]). These findings have driven an increasing interest in understanding the evolution of miRNA function.

Typically, animal miRNAs are processed from longer transcripts in the nucleus by an RNase III enzyme called Drosha, producing a hairpin structure (called the miRNA precursor or pre-miRNA; [@bib30]). The pre-miRNA is transported to the cytoplasm, where it is further cleaved by Dicer, another RNase III enzyme, giving rise to an RNA duplex approximately 22 nt long ([@bib29]). One of the strands of this duplex (the so-called mature miRNA) associates with the RNA-induced silencing complex and binds to complementary sequences in the 3′ untranslated region of target mRNAs, leading to repression of translation or transcript degradation (reviewed in [@bib6]). In high-throughput sequencing experiments, the other strand (often called the star sequence or miR\*) is often detected at lower levels and is assumed to be degraded. However, in many cases, both arms of the pre-miRNA hairpin produce functional miRNA products ([@bib20]; [@bib39]).

Intergenic miRNAs tend to be clustered in the genome, probably because they are processed from the same primary transcript ([@bib2]; [@bib47]). A substantial proportion of miRNAs (30--50% in animals) are embedded into introns of protein-coding genes, suggesting cotranscription of the miRNA and its host gene ([@bib42]; [@bib7]). However, instances of independent transcriptional regulation of intronic miRNAs have also been reported (e.g., [@bib53]; [@bib9]). A number of key questions regarding miRNA function and evolution can only be answered by comparing the features of miRNAs in multiple species. For example, which miRNAs are conserved in arthropods and which are lineage specific? Are clusters of miRNAs conserved throughout evolution? Do clustered miRNAs have common features? Is the choice of arm from which to process the mature miRNA conserved in animals?

*Drosophila melanogaster* is the prototype for genetic analysis of arthropods ([@bib4]). Much of our knowledge of animal miRNA biology comes from this species (see [@bib8] and references therein), as well as from other non-insect model species (such as *Caenorhabditis elegans* and *Mus musculus*). The comparison of genomic and functional properties of miRNAs---such as conservation of sequence, arm choice, and cotranscription---between *Drosophila* and mammals is vital to our understanding of the role of miRNAs in animal evolution. However, *Drosophila* is only one representative of the diversity of insects. It is crucial to understand the conservation of miRNAs in a broader set of insects in order to understand miRNA function and evolution in animals. Here we describe insights gained from sequencing the miRNA complement of the red flour beetle *Tribolium castaneum*.

*Tribolium* has a relatively short generation time, is easy to rear in the laboratory, and is amenable to sophisticated genetic manipulations ([@bib11]). A sequenced and assembled red flour beetle genome is also available ([@bib41]). Moreover, studies based on protein sequence conservation indicate that dipterans (including *Drosophila* and mosquitoes) are fast evolving and that *Tribolium* is a more appropriate model to compare gene evolution between invertebrates and vertebrates ([@bib48]; [@bib41]). *Tribolium castaneum* has genetic and developmental features similar to the last common ancestor of all arthropods; for example, short-germ embryonic development and segmentation ([@bib18]) and the genomic structure of the Hox gene cluster ([@bib49]). In contrast, the long-germ mode of embryogenesis in *Drosophila* is a derived state ([@bib18]). Although a small number of miRNAs have been detected in *Tribolium* using computational homology approaches ([@bib34]; [@bib50]), experimental confirmation of only one (iab-4) has been provided ([@bib49]). Here we use deep sequencing to obtain an extensive collection of transcribed short RNAs in *Tribolium* and reconstruct the miRNA catalog of the flour beetle. Our comprehensive set of *Tribolium* miRNAs allows us to analyze patterns of expression and processing and thereby study in detail the functional shifts during miRNA evolution in insects and other animals.

Materials and Methods
=====================

Short RNA Libraries Generation and Sequencing
---------------------------------------------

Wild type beetles were cultured at 28 °C. RNA was extracted separately from 0- to 5-day embryos and adults with the miRVana miRNA isolation kit (Ambion). Molecules shorter that 40 nucleotides were selected with the flashPAGE fractionator (Ambion) and purified with the flashPAGE reaction cleanup kit (Ambion). Two different libraries containing different embryonic stages were constructed with different barcodes with the SOLiD Small RNA Expression Kit (Ambion). Size-selected small RNAs were ligated to the sequencing adaptors as described by the manufacturer. Reverse transcription was then carried out, followed by RNaseH digestion to make the cDNA libraries. In order to meet the sample quantity for SOLiD sequencing, the cDNA libraries were then further amplified using supplied primer sets containing different barcodes by 15 or 18 cycles of polymerase chain reaction. The final products ranging from ∼105 to 150 bp were purified. SOLiD sequencing was performed at the Center for Genomic Research at the University of Liverpool.

Detection of Transcribed miRNAs
-------------------------------

Reads for the two SOLiD sequencing runs were 50 nucleotides long. Thus, we expect that putative miRNA mature sequences (∼22 nt) detected in a SOLiD run must contain fragments of the linker used during the sequencing process. Thus, we first trimmed all 3′ ends back to 26 nt sequences. All reads were first mapped to annotated *Tribolium* ribosomal RNAs (rRNAs) (<http://www.arb-silva.de/>) and predicted transfer RNAs (tRNAs) (tRNAscan-SE; [@bib32]) using Bowtie ([@bib28]), allowing one mismatch between the read and the sequence. Reads mapped to these sequences were discarded. After this filtering step, the remaining reads were mapped to the *Tribolium* reference genome version 3.0 (ftp://ftp.ncbi.nih.gov/genomes/Tribolium_castaneum/), again with Bowtie, allowing one mismatch and mapping to up to five positions. The terminal 3′ nucleotide was removed from the unmapped reads and the reads mapped again, repeating the process sequentially to a minimum of 19 nucleotides in length. Similar sequential trimming approaches have been recently used, although in a different context ([@bib17]).

Overlapping reads were grouped and flanking regions (−50 to +100 and −100 to +50) retrieved from the *T. casteneum* genome assembly (version 3.0). These fragments were scanned for hairpins with RNAfold ([@bib25]). In order to detect potential miRNAs, we applied several filters to the resulting hairpins: 1) hairpins should contain at least 10 reads mapped to the putative arms; 2) the hairpin folding energy must be −15 kcal/mol or lower; 3) at least 50% of the nucleotides of one arm of the hairpin must pair with bases from the other arm; 4) the 5′ end of the mature miRNA should be accurately processed, that is, 80% of the mapped reads from at least one arm should have the same 5′ end; 5) both arms of the hairpin should have associated reads and the most abundant read from each arm should be paired, overlapping by more than 70% in the hairpin structure. For potential miRNAs detected in contigs not associated to any of the ten assembled *Tribolium* chromosomes, we additionally filtered out those miRNAs not supported by reads that map uniquely and exactly. To minimize the effect of cross-mapping during the detection of paralogous miRNAs, we discarded putative miRNAs only supported by reads mapping to multiple positions that are not also annotated as miRNAs.

miRNA Families
--------------

miRNAs were assigned to known families using two independent approaches. First, all sequences were systematically searched against the miRBase database (release 15; [@bib23]) using basic alignment search tool (Blast) (word size = 4; match reward = 5; mismatch penalty = −4) ([@bib1]). Second, flanking regions of each miRNA (500 nt centered on the miRNA) were used to search against the Rfam 10.0 library of covariance models ([@bib22]) using Infernal 1.0 ([@bib37]) and Rfam-curated thresholds. At this step, we additionally discarded three miRNAs that hit the Rfam tRNA model but were not filtered out at the read preprocessing step. We detected potential homologs sequences with MapMi ([@bib24]), setting the minimum score threshold to 20 and up to three mismatches (see Results for the list of genomes scanned). Briefly, MapMi maps mature sequences to a genome, and then it folds the region looking for hairpins. We additionally included homology relationships described in miRBase. Specific examples described in this work were aligned (using ClustalW; [@bib55]) and manually inspected (using RALEE; [@bib21]). *Tribolum* miRNAs were grouped into families by all-against-all Blast searches of their precursor hairpins, filtering out hits with E values above 0.001, and then assignments were hand curated. The genome assembly versions used were as follows: *D. melanogaster* (release 5.0), *Anopheles gambiae* (2.1), *Apis mellifera* (4.0), *Bombyx mori* (2.0), *Acyrthosiphon pisum* (1.0), *Daphnia pulex* (1.0), *Capitella teleta* (1.0), *Schistosoma mansoni* (3.1), *C. elegans* (7.1), *Branchiostoma floridae* (2.0), *Gallus gallus* (2.1), and *Homo sapiens* (37.1).

Relative Arm Usage
------------------

To quantify the relative amount of mature miRNA products from each arm of the same miRNA hairpin precursor, we define here the "relative arm usage" measure. This quantity is defined as follows:where *N*~5′~ is the number of reads mapped to the 5′ arm of the hairpin precursor and *N*~3′~ the number of reads from the 3′ arm. Relative arm usage units are bits. Positive values indicate a bias toward 5′ arm usage and negative values a bias toward 3′. Zero means that mature sequences are produced at equal levels from both arms.

Results
=======

A Comprehensive Catalog of *Tribolium* miRNAs
---------------------------------------------

In order to detect processed miRNAs in *Tribolium*, we constructed small RNA libraries from two different populations. The first population was composed of both male and female adults, including fecund females. We additionally sequenced small RNAs from a population of early embryonic stages (0--5 days) to further explore the differences in miRNA expression during early development. Both libraries were sequenced using the ABI SOLiD platform (see Materials and methods), yielding a total of ∼120 million sequence reads. Around 10% of the mapped reads were removed as potential rRNA or tRNA contaminants ([table 1](#tbl1){ref-type="table"}). For the remaining sequences from the first small RNA library, we successfully mapped about 12% of the reads to the reference genome. This proportion is comparable to a recent SOLiD-based miRNA sequencing study in the silkworm *B. mori* ([@bib12]). However, only 3% of the reads generated from the early development library mapped to the genome. The proportion of mapped reads derived from tRNA and rRNA sequences is similar in both experiments. In adults, we associated 22% of the mapped reads to known or predicted miRNAs. Less than 3% of the reads mapped from the early development library were ascribed to miRNAs ([table 1](#tbl1){ref-type="table"}). This suggests that the total quantity of small RNAs is significantly lower in the early embryo. Other factors that may contribute to the low mapping rates include the strict parameters used for mapping. Moreover, sequencing errors from SOLiD technology are likely to lead to unmapped reads rather than single base errors. Only mapped reads were subsequently used to detect putative miRNAs using a pipeline developed in-house (see Materials and Methods).

###### 

Reads Sequenced in Small RNA Libraries of *Tribolium*

                               Late Development and Adults   Early Development
  ---------------------------- ----------------------------- -------------------
  Total number of reads        67,070,132                    52,620,004
  Filtered out (tRNAs/rRNAs)   953,849 (1.4%)                142,175 (0.3%)
  Mapped to the genome         7,993,536 (11.9%)             1,733,263 (3.3%)
  Reads in miRNAs              1,753,289 (21.9%)             49,606 (2.9%)
  Homologs of known miRNAs     1,648,508                     45,388
  Newly detected miRNAs        104,781                       4,218

Collectively, our RNA libraries support the existence of 203 miRNAs ([supplementary file 1](http://gbe.oxfordjournals.org/cgi/content/full/evq053/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq053/DC1) online). We provided transcriptional evidence for 51 predicted *Tribolium* miRNAs cataloged in miRBase (version 15; [@bib23]). Moreover, we detected 33 miRNAs not yet described for *Tribolium* but homologs to described miRNAs in other species (see below). The remaining 119 are newly described miRNAs with no obvious homology to known miRNAs. It is important to note that our annotation strategy requires that reads support mature miRNAs from both arms of the precursor (so-called miR and miR\* sequences). This is the most conservative high-throughput strategy so far described, in common with a recent annotation of mouse miRNAs ([@bib15]). We find the presence of reads supporting the miR\* sequence to be the most useful single criterion for miRNA annotation. As sequencing depth increases, the likelihood of detecting low abundance miR\* sequences also increases. We suggest that requiring support for both arms provides an optimal balance of sensitivity and specificity at the coverage we have seen. However, we expect that a small number of bona fide but low abundance *Tribolium* miRNAs may be missed by our strategy, where the miR\* sequence falls below the detectable limit imposed by the sequencing coverage.

To further explore the performance of our strategy for miRNA detection, we used our pipeline to reanalyze a third-party data set of *D. melanogaster* small RNA reads ([@bib45]). We repeated the procedure used for our *Tribolium* data sets, and we detected 118 potential miRNAs, covering approximately 70% of the miRBase catalog for *D. melanogaster*. We characterized almost all miRNAs newly described in the original paper ([@bib45]), with the exception of 18 sequences that did not pass our strict filtering procedure (which is more appropriate for our larger sequencing data set). Our strategy additionally detected three mirtrons described elsewhere ([@bib44]) and mir-2498: a miRNA that escaped the original analysis and has been recently detected based on massive sequencing experiments ([@bib10]).

Expanding the Set of Insect miRNAs
----------------------------------

In order to determine which of the miRNAs described here are also present in other insects and other invertebrate species, we performed systematic searches with MapMi ([@bib24]; see Materials and Methods for details) to identify homologs in the complete genome assemblies of *A. gambiae*, *A. pisum*, *A. mellifera*, *B. mori*, *C. teleta*, *C. elegans*, *D. pulex*, *D. melanogaster*, and *S. mansoni*. No identifiable insect homolog could be found for 62 *Tribolium* miRNAs. These miRNAs include not only singleton sequences but also *Tribolium*-specific expanded families, like the mir-3806/mir-3808/mir-3811 cluster in the sex chromosome ([fig. 1*D*](#fig1){ref-type="fig"}). All 51 previously predicted miRNAs in *Tribolium* were present in other arthropods. This was expected as they were identified by comparative sequence analyses. Within this set of 51, we observed that only mir-71 was not detected in dipterans. Indeed, a *Drosophila* mir-71 homolog has not been reported in miRBase, whereas homologs in multiple invertebrates are known. In total, 44 of the 141 (∼31%) newly detected *Tribolium* miRNAs are present in other arthropods but not present in dipterans ([fig. 1*A*](#fig1){ref-type="fig"}); half of these (23) are conserved in other invertebrates. The data suggest that *Tribolium* may conserve more common miRNAs with other insects than with *Drosophila* and may therefore represent a more ancestral model of conserved miRNA function.

![Conservation of *Tribolium* miRNAs. (*A*) Venn diagram showing the number of putative homologs miRNAs to our set of *Tribolium* miRNAs in *Drosophila*, other arthropods (mosquito, honeybee, aphid, silkworm, and/or water flea), and other invertebrates (annelids, nematodes, and/or flatworms). (*B*) Percentage of miRNAs in *Drosophila* (black boxes) and *Tribolium* (empty boxes) with detectable homologs (according to MapMi searches; [@bib24]) in *A. gambiae*, *Apis mellifera*, *Bombyx mori*, and *Daphnia pulex* genomes. (*C*) Alignment of insect mir-2796 sequences (RALEE; [@bib21]), colored according to structural conservation. The five sequences with the highest number of reads for each arm in our *Tribolium* experiments are shown on top of the alignment. (*D*) Genomic location of *Tribolium*-specific mir-3806/mir-3808/mir3811 family members and folded precursor hairpins. Mature products are indicated in uppercase.](gbeevq053f01_ht){#fig1}

To further explore whether the *Tribolium* miRNA catalog is more representative of insects than that of *Drosophila*, we compared the percentage of known *Drosophila* (miRBase, version 15) and *Tribolium* (this study) miRNAs with detectable homologs in other insects using MapMi. In [figure 1*B*](#fig1){ref-type="fig"}, we observe that *Tribolium* miRNAs are less likely to be conserved in *Drosophila* than in other insects. On average, 40% of *Tribolium* miRNAs have homologs in *Apis* or *Bombyx*, whereas ∼35% of the *Drosophila* set have detectable homologs in these two species. This indicates the presence of multiple miRNAs broadly conserved in insects that have been lost in *Drosophila*. For instance, mir-2796, previously thought to be silkworm specific ([@bib31]), is absent from *Drosophila* but detected in our *Tribolium* sequences, and putative homologs can be found in *Anopheles* and *Apis* ([fig. 1*C*](#fig1){ref-type="fig"}). Using MapMi, we analyzed three chordate genomes (*H. sapiens*, *G. gallus*, and *B. floridae*) for putative homologs of both *Tribolium* and *Drosophila* miRNAs. We identify 18 miRNAs from our *Tribolium* set that are conserved in all three chordates but not in *Drosophila*.

Genomic Clusters of Insect miRNAs
---------------------------------

Around 46% (93) of *Tribolium* miRNAs overlap predicted protein-coding genes in the BeetleBase annotation ([@bib57]), whereas the remainder (110) are in intergenic regions. This proportion is comparable to that found in mammals ([@bib42]). Almost all nonintergenic miRNAs are located in introns, and two-thirds of the intronic miRNAs are on the coding strand, indicating that their expression is likely to be regulated by the host gene transcription regulatory sequences. Only 8 miRNAs are inside predicted coding sequences; a closer inspection of the host genes revealed that these exons code for predicted proteins that are not present in any other species. Moreover, these 8 miRNAs are evolutionarily conserved and expressed in other species. We believe this is a consequence of dubious protein-coding gene annotation. We did not exclude protein-coding regions from our analysis; yet, none of our miRNA set overlaps confidently annotated protein-coding exons (i.e., exons encoding for proteins conserved in other species).

miRNA sequences are often clustered in the genome ([@bib23]), probably because they are processed from a single transcript ([@bib30]; [@bib46]). We observed that almost 40% of *Tribolium* miRNAs are within 1 kb of another miRNA ([fig. 2*A*](#fig2){ref-type="fig"}). With an inter-miRNA distance of 10 kb, the proportion of clustered miRNAs is 47%, and 50% of miRNAs are linked at a distance of 27 kb or less ([fig. 2*A*](#fig2){ref-type="fig"}). The mean number of miRNAs per cluster is approximately three for 1 kb clusters and almost four for larger groups (10--30 kb). From these results, we interpret that approximately half of all miRNAs in *Tribolium* are expressed from polycistronic transcripts, which vary in length up to 20 kb.

![Genomic clustering of insect miRNAs. (*A*) Number of miRNAs in clusters (solid line) and number of clusters (dashed line) for different genomic distances in *Tribolium*. (*B*) Number of miRNAs in clusters in *Tribolium* that conserve the clustering in *Drosophila* (solid line) or in *Apis mellifera* (gray dashed line). (*C*) Conservation of mir-71/mir-2/mir-13 clusters in multiple invertebrate species.](gbeevq053f02_ht){#fig2}

To investigate whether this clustering is evolutionarily conserved in insects, we calculated the proportion of miRNAs clustered in *Tribolium* that are also clustered in either *A. mellifera* or *D. melanogaster*. Although the birth and death rates in insect miRNAs are high, those elements conserved between two species tend to maintain their clustering features ([fig. 2*B*](#fig2){ref-type="fig"}). We observed that *Tribolium* clusters are better conserved in *A. mellifera* than in *D. melanogaster*. At 1-kb clustering distance, 86% of conserved miRNA pairs clustered in *Tribolium* maintain their linkage in *Apis*, whereas only 56% are linked in *Drosophila*. At 10 kb, these proportions are 75% and 58% for *Apis* and *Drosophila*, respectively ([fig. 2*B*](#fig2){ref-type="fig"}), and 21 miRNAs, organized in 8 clusters, conserve their linkage between *Tribolium* and *Apis* ([supplementary file 2](http://gbe.oxfordjournals.org/cgi/content/full/evq053/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq053/DC1) online). By comparing clusters of miRNAs in multiple species and accounting for their orientation, we can identify potential transcriptional units. For example, the mir-100/let-7/mir-125 cluster is known to be highly conserved in animals and is likely transcribed as a single unit. Other examples of clusters predicted to be single transcripts are as follows: mir-277/mir-34, mir-275/mir-305, mir-12/mir-283 ([supplementary file 2](http://gbe.oxfordjournals.org/cgi/content/full/evq053/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evq053/DC1) online), and the cluster formed by mir-71 and multiple mir-2 family members ([fig. 2*C*](#fig2){ref-type="fig"}). The latter cluster is a good example of high conservation of organization within insects and other invertebrates, whereas in *Drosophila*, the cluster is fragmented and lacks mir-71 ([fig. 2*C*](#fig2){ref-type="fig"}). In summary, these results show a high conservation of clustering in insect miRNAs and suggest a higher level of cluster fragmentation in the *Drosophila* lineage.

We identified five loci in the *Tribolium* genome where mature miRNAs are processed from both sense and antisense strands: *iab-4*, *mir-307*, *mir-1233*, *mir-3867*, and *mir-3817*. With the exception of *iab-4* ([@bib56]) and *mir-307* ([@bib52]), for which antisense products were also reported for *Drosophila*, no bidirectional transcription is conserved in two different insects ([@bib52]; [@bib56]; [@bib26]; [@bib31]).

Functional Shifts in Insect miRNAs
----------------------------------

A dominant mature miRNA can be processed from the 5′ or 3′ arm of the hairpin precursor. Across all *Drosophila* miRNAs, there is a slight bias toward 5′ arm usage, whereas in *Tribolium*, equal numbers of miRNAs prefer the 5′ and 3′ arms ([fig. 3*A*](#fig3){ref-type="fig"}). The *Drosophila* and *Tribolium* distributions are not, however, statistically different (*P* = 0.41; Kolmogorov--Smirnov test). Nevertheless, these minor differences in arm usage indicate that some miRNAs may have switched during evolution the arm from which the dominant mature miRNA is produced. In [figure 3*B*](#fig3){ref-type="fig"}, we plot the relative arm usage for *Tribolium* and *Drosophila* (see Materials and methods). Deviations from zero of this measure indicate that there is a bias toward 5′ (positive values) or 3′ (negative values) arm usage of a given miRNA. The data clearly show that five miRNAs have a switch in arm preferences during insect evolution. For example, the 5′ arm of mir-33 produces the dominant product in *Drosophila*, whereas the 3′ arm dominates in *Tribolium*. In silkworm, the dominant arm in mir-33 is 3′ ([@bib26]), suggesting that the *Drosophila* arm usage is a derived character. Switches are also observed for mir-10, mir-993, mir-929, and mir-275. Although only five miRNAs showed a complete switch in their arm usage, it is striking that 20 miRNAs (∼44% of *Tribolium* and *Drosophila* 1:1 ortholog pairs) exhibit an arm usage bias 10 times greater in one species with respect to the other ([fig. 3*B*](#fig3){ref-type="fig"}). This shows that significant changes in the proportions of mature sequences produced from 5′ and 3′ arms are common in insect miRNA evolution and by extension probably in other animals. Mature miRNA sequences produced from 5′ and 3′ arms of the same precursor hairpin are not similar. Significant shifts in arm usage are therefore predicted to change the target profile and therefore function of a given miRNA.

![Arm usage bias in insect miRNAs. (*A*) Proportion of reads detected in the 5′ arm of miRNAs with respect to the total number of reads from the miRNA in *Tribolium*. (*B*) Comparison of the "relative arm usage" (see Materials and methods for definition) between *Tribolium* and *Drosophila*. miRNAs within the 3′/5′ and 5′/3′ quadrants show a switch in their arm usage. The dashed line indicates the theoretical expectation for conserved arm usage between the two species. Dotted lines limit the boundaries of the dashed line to less than 10-fold differences in arm usage.](gbeevq053f03_ht){#fig3}

The previous analysis accounts for only 1:1 orthologous miRNA pairs between *Drosophila* and *Tribolium*. We also investigated eight homologs groups with one-to-many paralog associations, accounting for 20 *Tribolium* miRNAs. We may expect that the existence of multiple copies of the same miRNA after gene duplication may facilitate the arm-switching process ([@bib19]). Surprisingly, after discarding possible cross-mapped reads, we only observed two potential arm-switching events in paralogous families: one in mir-9a and another in mir-87.

We examined the arm usage of clustered miRNAs at different clustering distances. The data show that clustered miRNAs tend to have the same dominant arm (see [table 2](#tbl2){ref-type="table"}). A variation of a permutation test ([@bib51], p. 813) shows that this result is statistically significant at lower clustering distances ([table 2](#tbl2){ref-type="table"}). As described above, paralogs tend to produce functional miRNAs from the same arm, so we further corrected for this effect by removing any pair of miRNAs from the same family (see Materials and methods). Notably, the statistical association between clustered miRNAs and same arm usage is stronger in this case for bigger clusters ([table 2](#tbl2){ref-type="table"}). The data suggest that common motifs in the primary transcript may concurrently affect the arm choice of multiple miRNAs in the cluster.

###### 

Pairs of Clustered miRNAs Producing the Dominant miRNA from the Same Arm

  Clustered miRNAs    Distance (kb)   Linked miRNA Pairs                
  ------------------- --------------- -------------------- ----- ------ -------
  All pairs           \<1             74                   119   0.62   0.010
                      \<5             170                  310   0.55   0.040
                      \<10            227                  428   0.53   0.065
  Same family pairs   \<1             29                   48    0.60   0.065
                      \<5             59                   115   0.51   0.197
                      \<10            62                   125   0.50   0.317
  Unrelated pairs     \<1             45                   71    0.63   0.022
                      \<5             111                  195   0.57   0.026
                      \<10            165                  303   0.54   0.036

Pairs of clustered miRNAs in which the most abundant mature sequence is processed from the same arm.

*P* values for deviations from nonassociation between clustering and production of miRNAs from the same arm, calculated as described in [@bib51], p. 813).

The 5′ end of the mature sequence is known to be relatively well defined. Changes in the 5′ end lead to a phenomenon called seed shifting ([@bib58]), which is likely to significantly alter the targets of the mature miRNA. By comparing the mature products of orthologous miRNAs between *Tribolium* and *Drosophila*, we characterized a total of 6 seed-shifting events out of 46 total miRNA orthologous pairs (mir-283, mir-263a, mir-137, mir-282, mir-33, and mir-10). Two of these events were detected in miRNAs that also exhibited arm switches (mir-33 and mir-10). We conclude that seed shifting is as frequent as arm switching during evolution. Together, the two phenomena affect one-fifth of all miRNAs conserved between *Drosophila* and *Tribolium*.

miRNAs in Early Development
---------------------------

Comparing the relative abundance of miRNAs in both RNA libraries highlights miRNAs involved in early development. In [table 3](#tbl3){ref-type="table"}, we show miRNAs that are 10 times more abundant in early embryos than in the adult library and comprise at least 0.1% of the reads mapped to miRNAs. The data implicate 14 miRNAs predicted to be involved in early development in *Tribolium*, including three miRNAs of the same family: mir-309a, mir-309b, and mir-309c, all probably processed from the same transcript. The sole mir-309 homolog in *Drosophila* is only expressed during the first 2--4 h of development ([@bib3]), suggesting a conserved role for the mir-309 family during early development in insects. mir-124 accounts for more than 12% of the reads in the early development library. This miRNA is highly conserved in animals and functions in neural system formation both in vertebrates and in invertebrates ([@bib14]; [@bib16]).

###### 

miRNAs Highly Expressed in Early Development

  miRNA       Reads in Early Embryos[a](#tblfn3){ref-type="table-fn"}   Reads in Adults[a](#tblfn3){ref-type="table-fn"}   Fold Increase[b](#tblfn4){ref-type="table-fn"}
  ----------- --------------------------------------------------------- -------------------------------------------------- ------------------------------------------------
  mir-1233    112 (0.22%)                                               13 (0.00%)                                         302.7
  mir-309b    292 (0.58%)                                               42 (0.00%)                                         244.3
  mir-9d      116 (0.23%)                                               17 (0.00%)                                         239.8
  mir-3830    60 (0.12%)                                                12 (0.00%)                                         175.7
  mir-309c    204 (0.4%)                                                57 (0.00%)                                         125.8
  mir-309a    1,142 (2.26%)                                             713 (0.04%)                                        56.3
  mir-3889    322 (0.64%)                                               308 (0.02%)                                        36.7
  mir-92b     660 (1.3%)                                                1,525 (0.09%)                                      15.2
  mir-2944a   88 (0.17%)                                                208 (0.01%)                                        14.9
  mir-3892    60 (0.12%)                                                154 (0.01%)                                        13.7
  mir-3840    61 (0.12%)                                                185 (0.01%)                                        11.6
  mir-993     662 (1.31%)                                               2,057 (0.12%)                                      11.3
  mir-124     6,191 (12.23%)                                            19,345 (1.09%)                                     11.2
  mir-3845    147 (0.29%)                                               487 (0.03%)                                        10.6

Percentages refer to the proportion of reads in a given miRNA with respect to the total number of reads mapped to any miRNA.

Fold increase is the ratio between the percentage of reads in early embryos and the percentage of reads in adults.

Discussion
==========

We describe a catalog of 203 miRNAs from the first small RNA deep-sequencing experiments in *T. casteneum*. Tens of high-throughput sequencing experiments have been performed in *Drosophila* giving a total number of 171 miRNAs (miRBase, version 15). Our annotation strategy in *Tribolium* is intentionally conservative, but we nonetheless conclude that the *Tribolium* miRNA complement is at least 15% greater than that of *Drosophila*. Around 68% of the *Tribolium* miRNAs have detectable homologs in other arthropods, although the proportion of homologs between two insect species is generally below 40% ([fig. 1*B*](#fig1){ref-type="fig"}), suggesting a relatively high rate of turnover during miRNA evolution in insects. We also characterize 47 miRNAs from the *Tribolium* catalog that are present in at least one other arthropod, but not in other invertebrates. This arthropod-specific set includes miRNAs that are expressed during early development in *Drosophila* such as mir-11, mir-309, mir-14, mir-305, and mir-275 ([@bib3]). *Tribolium* mir-309 paralogs are also present in early developmental stages ([table 3](#tbl3){ref-type="table"}). iab-4 is also arthropod specific, and it functions to modulate Hox gene activity during development ([@bib43]). Two of the arthropod-specific miRNAs newly detected in this work were also overrepresented in early embryos (mir-3840 and mir-3830 in [table 3](#tbl3){ref-type="table"}).

Despite some existing controversy, the net gain of miRNAs in the drosophilid lineage is currently estimated between 0.3 and 1.0 gain per My ([@bib33]; [@bib10]). In our *Tribolium* data set, we detect 62 miRNAs not present in any other studied species. Assuming an approximate divergence time of 350 My for holometabolous insects ([@bib59]), the net gain of miRNAs along the *Tribolium* branch is roughly 0.18 per My. The primary sources of error on this number are due to our conservative annotation approach (causing the rate of gain to be underestimated) and missed homologs in other species (leading to an overestimate). Nonetheless, our data support a higher overall net rate of miRNA emergence in the *Drosophila* lineage than other insects.

Approximately half of *Tribolium* miRNAs are clustered in the genome ([fig. 2*A*](#fig2){ref-type="fig"}). We show that this clustering is evolutionarily conserved in insects ([fig. 2*B*](#fig2){ref-type="fig"}). The linkage between miRNAs is more conserved between *Tribolium* and *A. mellifera* than between *Tribolium* and *Drosophila*, suggesting some rearrangement in *Drosophila* clusters. An illustrative example is the mir-71/mir-2/mir-13 cluster (mir-2 and mir-13 are themselves paralogs). In invertebrates, this cluster is composed of mir-71 and one or more mir-2/mir-13 sequences. In insects, the cluster is highly conserved, with mir-71 and five mir-2/mir-13 elements in tandem. However, in dipterans, mir-71 has been lost, and in *Drosophila*, the mir-2 family is fragmented into four loci ([fig. 2*C*](#fig2){ref-type="fig"}). We detected sense and antisense transcription in 5 miRNA loci, but only 2 conserve this bidirectional transcription in *Drosophila* (mir-307 and iab-4). Indeed, no other bidirectional miRNA in any insect conserves this feature in another species. Bidirectional transcription of miRNAs is therefore not a common stable feature.

Shifts in the processing pattern of miRNA precursors lead to changes in their mature sequences. These changes alter the predicted targeting preferences and therefore function of a miRNA. In total, we have shown that one in five miRNAs conserved between *Tribolium* and *Drosophila* have undergone functional shifts. Around 13% of conserved miRNAs between *Drosophila* and *Tribolium* exhibit seed shifting, and we describe arm-switching events in 11% of the orthologous pairs. Arm switching has been previously overlooked but is an important source of evolutionary novelty. Additionally, more than 40% of miRNA loci exhibit 10-fold differences in the proportions of mature sequences processed from 5′ and 3′ arms. In a significant number of cases, it may therefore be misleading to transfer annotation between orthologous miRNAs based exclusively on conservation. It should be noted that the miRNAs exhibiting shifts between *Drosophila* and *Tribolium* have been conserved over ∼350 My and are highly expressed. We can therefore confidently assume that these sequences are functional. Current models of miRNA evolution stress the importance of changes in target sites, whereas miRNA function remains highly conserved ([@bib13]). However, the relatively high proportion of functional shifts described here also underscores the importance of changes at the miRNA level during the evolution of gene regulatory networks.

*Tribolium castaneum* has many developmental features conserved from the last common insect ancestor ([@bib54]; [@bib36]; [@bib49]), and it is emerging as an alternate and complementary model for insect biology ([@bib11]; [@bib41]; [@bib40]). Our results clearly suggest that *Tribolium* is a good model to study insect miRNA function. First, *Tribolium* miRNAs are more likely to be conserved in other insects than *Drosophila* miRNAs. In fact, there are at least 18 miRNAs shared with chordates that can be studied in *Tribolium* but not in *Drosophila*. Second, clustering patterns of miRNAs are better conserved between *Tribolium* and honeybee than between *Tribolium* and *Drosophila*. Further investigation of the *Tribolium* miRNA complement will increase our knowledge of the evolution of posttranscriptional regulation in animals and, ultimately, help us to understand the origin of extant body plans.
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